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An effective interatomic interaction potential for AlN is proposed. The potential consists of
two-body and three-body covalent interactions. The two-body potential includes steric repulsions
due to atomic sizes, Coulomb interactions resulting from charge transfer between atoms,
charge-induced dipole-interactions due to the electronic polarizability of ions, and induced dipole–
dipole �van der Waals� interactions. The covalent characters of the Al–N–Al and N–Al–N bonds are
described by the three-body potential. The proposed three-body interaction potential is a
modification of the Stillinger–Weber form proposed to describe Si. Using the molecular dynamics
method, the interaction potential is used to study structural, elastic, and dynamical properties of
crystalline and amorphous states of AlN for several densities and temperatures. The structural
energy for wurtzite �2H� structure has the lowest energy, followed zinc-blende and rock-salt �RS�
structures. The pressure for the structural transformation from wurtzite-to-RS from the common
tangent is found to be 24 GPa. For AlN in the wurtzite phase, our computed elastic constants �C11,
C12, C13, C33, C44, and C66�, melting temperature, vibrational density-of-states, and specific heat
agree well with the experiments. Predictions are made for the elastic constant as a function of
density for the crystalline and amorphous phase. Structural correlations, such as pair distribution
function and neutron and x-ray static structure factors are calculated for the amorphous and liquid
state. © 2011 American Institute of Physics. �doi:10.1063/1.3525983�

I. INTRODUCTION

Though aluminum nitride �AlN� was discovered and
synthesized at the end of the 19th century, its technological
importance was recognized only in 1980s. Aluminum nitride
is a large band gap �6.3 eV� semiconductor. Among electri-
cally insulating ceramic materials, only AlN and beryllium
oxide have high thermal conductivity. Aluminum nitride, in
particular, is nontoxic, has only one crystal structure �wurtz-
ite�, and at atmospheric pressure it dissociates above 2780 K.
Aluminum nitride also shows low thermal expansion coeffi-
cient and large hardness.

These characteristics make AlN an ideal substrate mate-
rial for microelectronics, and accordingly extensive theoret-
ical and experimental studies of its properties have been per-
formed. For example, thermodynamic properties, in the
range of 5–2700 K, have been reported by Koshchenko et
al.1 Ueno and collaborators2 used x-ray diffraction to study
the structural phase transition under high pressure up to 30
GPa. Energy-dispersive x-ray diffraction using a synchrotron
x-ray source was used by Xia et al.3 at pressure up to 65 GPa
to observe a structural transformation to the rock-salt phase.
Meng et al.4 determined the elastic constants in sputter de-
posited AlN thin film on Si �111�. More recently, Uehara et
al.5 used x-ray diffraction to determine the equation of states

of the rock-salt phase up to 132 GPa. This rock-salt phase
persists at high pressures, yielding a bulk modulus of 295
GPa. Phonon density of states and related thermal properties
were measured by Nipko and Loong6,7 by time-of flight neu-
tron spectroscopy in a polycrystalline sample. They used a
rigid-ion model to calculate the phonon dispersion, lattice
specific heat, and Debye temperature. Inelastic x-ray scatter-
ing measurements were also reported by Schwoerer-Böhning
et al.8 to obtain the phonon dispersion along three high-
symmetry directions. Mashino et al.9 used shock compres-
sion up to 150 GPa to observe the phase transition and the
equation of state. Anisotropic thermal expansion was mea-
sured by Iwaga et al.10 by x-ray powder diffractometry in the
temperature range of 300–1400 K. Raman-scattering, photo-
luminescence, and photoabsorption data have been reported
by Senawiratne et al.11 Elastic constants of AlN were mea-
sured using Brillouin spectroscopy by Kazan et al.,12 who
also reported the temperature dependence of Raman active
modes in AlN.13

Theoretically, several ab initio calculations are found in
the literature. First-principles molecular dynamics �MD�
simulations of amorphous AlxGa1−xN alloys were performed
by Chen et al.14 and Chen and Drabold.15 The electronic
structure of the wurtzite-phase AlN was investigated by
means of the Hartree–Fock method by Ruiz et al.,16 while
Christensen and Gorczyca,17,18 used density functionala�Electronic mail: priyav@usc.edu.
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theory �DFT� in the local density approximation to describe
the structural phase transformation under pressure. Using lat-
tice dynamics results from an adiabatic bond-charge model,
Alshaikhi and Srivastava19 calculated the specific heat of cu-
bic and hexagonal phases of BN, AlN, GaN, and InN. Bun-
garo et al.20 used a density functional perturbation theory to
calculate the phonon dispersion and density of states for
wurtzite AlN, GaN, and InN. A plane-wave pseudopotential
method was used by Wright and Nelson21 to describe struc-
tural properties of wurtzite and cubic AlN and InN. Pandey
et al.22 used all-electron DFT to describe the atomic structure
and electronic properties of nonpolar surfaces of AlN. Car–
Parrinello MD simulation was used to study amorphous BN,
AlN, and AlBN2 by McCulloch et al.23

In this work, we propose an effective interatomic poten-
tial for AlN, includes two-body and three-body interactions.
Thermal, mechanical, structural, and dynamical properties of
wurtzite-crystalline and amorphous phases are studied, in-
cluding two-body and three-body structural correlations, vi-
brational density of states, and pressure-induced phase trans-
formation are calculated. The paper is divided into five
sections. Section II describes the proposed interatomic po-
tential. In Sec. III, thermal, structural, mechanical, and dy-
namical properties of crystalline AlN are discussed, and the
amorphous phase of AlN is analyzed in Sec. IV. Conclusions
are drawn in Sec. V.

II. INTERACTION POTENTIAL FOR ALN

The interatomic potential energy of the system with two-
body and three-body interactions can be written as

V = �
i�j

Vij
�2��rij� + �

i,j�k

Vjik
�3��rij,rik� . �1�

The same functional form has been used successfully for
SiO2,24–30 Si3N4,31–34 SiC,35–39 Al2O3,40–42 CdSe,43,44

GaAs,45,46 GaAs/InAs,47–50 and Si /Si3N4 systems.51–53 The
two-body term includes steric-size effects, Coulomb interac-
tions, charge-induced dipole, and van der Waals interactions,
and is given by

Vij
�2��r� =

Hij

r�ij
+

ZiZj

r
e−r/� −

Dij

r4 e−r/� −
Wij

r6 . �2�

In Eq. �2�, Hij is the strength of the steric repulsion, Zi the
effective charge in units of the electronic charge �e�, Dij and
Wij are the strength of the charge–dipole and van der Waals
attractions, respectively, �ij are the exponents of the steric
repulsion, and � and � are the screening lengths for the Cou-
lomb and charge–dipole interactions, respectively. Here, r
�rij = �r�i−r� j� is the distance between the ith atom at position
r�i and the jth atom at position r� j.

The two-body interatomic potential is truncated at rcut

=7.6 Å and is shifted for r�rcut in order to have the poten-
tial and its first derivative continuous at rcut.

54,55 The shifted
two-body part of the interatomic potential is given by

Vij
�2shifted��r� = 	Vij

�2��r� − Vij
�2��rc� − �r − rc��dVij

�2��r�/dr�r=rc
r � rc

0 r � rc

 . �3�

The screening in the Coulomb and charge–dipole inter-
actions is included in order to avoid costly calculation of
long-range interactions. It has been shown that the inclusion
of the screening has no noticeable difference in the structural
and dynamical properties except for optical phonons in the
long wavelength limit.55

The three-body interaction potential is given by a prod-
uct of spatial and angular dependent factors in order to de-
scribe bond-bending and bond-stretching characteristics:39,40

Vjik
�3��rij,rik� = R�3��rij,rik�P�3��� jik� , �4�

where

R�3��rij,rik� = Bjik exp� 	

rij − r0
+

	

rik − r0
�
�r0 − rij�
�r0

− rik� , �5�

P�3��� jik� =
�cos � jik − cos �̄ jik�2

1 + Cjik�cos � jik − cos �̄ jik�2
. �6�

Here, Bjik is the strength of the three-body interaction, � jik is

the angle formed by r�ij and r�ik, �̄ jik and Cjik are constants,
and 
�r0−rij� is the step function.

Following previous studies using the same form of inter-
atomic potential, the exponents �ij are chosen to be 7, 9, and
7 for Al–Al, Al–N, and N–N interactions, respectively. The
screening lengths are �=5.0 Å and �=3.75 Å. The other
parameters in the interaction potential are determined using
experimental values for the lattice constant, cohesive energy,
bulk modulus, and some of the elastic constants for AlN.
Table I compares the experimental and calculated elastic
constants using the above interaction potential. Kazan et al.12

and McNeil et al.56 independently reported the elastic con-
stants of AlN determined by Brillouin scattering. McNeil et
al.56 provide a first order Raman analyses of AlN single crys-
tal data, whereas Kazan et al.12 discuss the temperature de-
pendence of AlN Raman active modes. Tsubouchi et al.57

measured the high-frequency and low dispersion surface
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acoustic waves on AlN-Al2O3 and AlN-Si devices. Table II
lists the parameters for AlN interatomic potential.

MD simulations are performed using the above inter-
atomic potential for two system sizes: a system with 3360
atoms �1680 Al and 1680 N� and another with 11 520 atoms
�5760 Al and 5760 N�, both at experimental density. Periodic
boundary conditions are imposed, and the equations of mo-
tion are integrated using the velocity VERLET algorithm with
a time step of 1.5 fs. Starting with crystalline wurtzite AlN at
nominal density of �=3.263 g /cc, the system is heated and
compressed using a constant number of particles, pressure,
and temperature �NPT� ensemble.

III. CRYSTALLINE ALN PHASE

In this section, we present thermal, structural, mechani-
cal, phase transformation, and dynamical properties of
wurtzite-crystalline AlN.

A. Energetic of crystalline structure

Our interatomic potential is used first to calculate the
total energy per particle, E, as a function of the volume per

particle, V, for wurtzite, zinc-blende, and rocksalt structure,
as shown in Fig. 1. The dashed lines are fits using the Mur-
naghan equation58 of state, E�V�= �BV /B��B�−1���B��1
−V0 /V�+ �V0 /V�B�−1�+E�V0�, where B, B�, and V0 are fit-
ting parameters. We find that the wurtzite structure, which
has the minimum energy at the experimental density, is more
stable than zinc-blende by 2.4 meV/particle. The common
tangent between wurtzite and rock-salt structures indicates
that the pressure for structural transformation is around 24
GPa. This value is consistent with the reported pressures of
wurtzite-to-rocksalt transformation of 12.5 GPa,17 20 GPa,5

19.2 GPa,9 14–20 GPa.3

From the Murnaghan equation of states fit, the cohesive
energy per atom is obtained as �5.76 eV, �5.759 eV, and
�5.497 eV for wurtzite, zinc-blende, and rocksalt phases,
respectively. The calculated bulk modulus, B, and its first
derivative with respect to pressure, B�, are 219.7 GPa and
6.2 for wurtzite, 220.2 GPa and 5.01 for zinc-blende, and
226.8 GPa and 8.0 for rocksalt structures. These results com-
pare well with experimental values as shown in Table I and
the measured Birch coefficient and their pressure derivative
for rocksalt, B=221
5 GPa and B�=4.8
1.3

TABLE I. Comparison of cohesive energy, E /N, bulk modulus, B, and elastic constants, C��, for AlN between
MD model and experiments. �Calculated from the relation, C66= �C11−C12� /2.�

Ecohesive

�eV/N�
B

�GPa�
C11

�GPa�
C12

�GPa�
C13

�GPa�
C33

�GPa�
C44

�GPa�
C66

�GPa�

Expt. �5.76 207.9a 394d 134d 95d 394b 121d 131
185c 411e 149e 99e 402d 125e 130d

211e 345f 125f 120f 389e 118f

237e 395f

202f

MD �5.7605 211.097 435.2 148.1 107.5 356 80.6 143.6

aReference 2.
bReference 4.
cReference 3.
dReference 12.
eReference 56.
fReference 57.

TABLE II. Parameters for two-body and three-body terms of the interaction potential used in the MD simula-
tion of AlN.

Zi

�e�
�

�Å�
�

�Å�
rc

�Å�
e

�C�

Two-body Al 1.0708 5.0 3.75 7.60 1.602�10−19

N �1.0708

�ij

Hij

�eV Å��
Dij

�eV Å4�
Wij

�eV Å6�

Two-body Al–Al 7 507.668 6 0 0
Al–N 9 367.055 46 24.7978 34.583 65
N–N 7 1038.163 34 49.5956 0

Bjik

�eV�
�̄ jik

�deg� Cjik

	
�Å�

r0

�Å�

Three-body Al–N–Al 2.1536 109.47 20 1.0 2.60
N–Al–N 2.1536 109.47 20 1.0 2.60
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In the Table I, lattice constant, cohesive energy, and bulk
modulus are fitted to the experimental data, however, the
elastic constants are not fitted and are derived from the in-
teraction potential. Clearly, the agreement between our cal-
culated results and experimental values for C11, C12, C13,
C33, �C66= �C11−C12� /2�, is within 10% but the discrepancy
between the calculated C44 values and experiment is about
40%. While the bulk modulus is determined mainly by the
steric repulsion �first term in the Eq. �2��, the elastic con-
stants are determined by both the two-body and three-body
interaction terms. In a fourfold coordinated system like
wurtzite, at equilibrium, the three-body potential, which has
the form of a penalty function at the tetrahedral angle, con-
tributes zero to the total energy. The three-body potential
contributes to angular deformations from the ideal tetrahe-
dral structure. For deformations where the bond length is
unchanged but the bond-angles are distorted, three-body po-
tential makes a contribution to the elastic constants. In spite
of our considerable efforts, we are no able to clearly identify
how a specific parameter in the interaction potential effects
individual elastic constants. The reason for this is that the
effect of a parameter has to be explored on the trajectory on
which lattice constants, cohesive energy, and bulk modulus
remain fixed, in agreement with experimental values. This
implies that when a particular parameter is changed, say in
three body part, the parameters in two-body potential have to
be readjusted so that the lattice constants, cohesive energy,
and bulk modulus remain at the experimental values. This
procedure was explored with various parameters but no clear
one-to-one relationship could be established between the pa-
rameters in the interaction potential and the individual elastic
constants.

B. Melting of wurtzite AlN

Melting temperature is determined by increasing the
temperature of crystalline phase �initially at 100 K� in steps
of 100 K, where simulation is run for 3000 time steps using
the NPT ensemble at each temperature. Figure 2 summarizes
the total energy per atom and volume fraction, V /V0, as a
function of temperature �see the red circles�. Here, V0 is the
volume of the system at 100 K. The system is found to melt

at 3070
50 K �see the vertical dashed line in Fig. 2�. Ex-
perimentally, the melting temperature is reported to be 3273
�Ref. 59� or 3023 K �Ref. 60� between 100 and 500 atm of
nitrogen pressure. Figure 2 also shows the energy per particle
and the volume fraction during cooling from the liquid �the
blue circles�. An amorphous phase is thus obtained, and its
structural and elastic properties will be discussed in Sec. IV.

Assuming a quadratic dependence on temperature, the
volumetric thermal expansion coefficient for 100�T
�1000 is estimated as �=3.04�10−5 K−1, which is in rea-
sonable agreement with the experimental value of �=1.3
�10−5 K−1.10

C. Elastic properties of AlN

The elastic constants are calculated as a function of den-
sity �see the solid symbols in Fig. 3�. The results show that
C11 and C33 exhibit large density dependence. This is to be
expected for as the density decreases and the interatomic
distances increase, the strength of two-body and three-body
interactions decrease, resulting in an overall decrease in the
elastic constants and the bulk modulus. In the figure, open

FIG. 1. �Color� Energy per particle as a function of the volume per particle
for wurtzite, zinc-blende znd rock-slat structures. The difference in energy
per particle between wurtzite and zinc-blende is 2.4 meV/N. The dashed
lines are the fit form the Murnaghan equation of states.

FIG. 2. �Color� Energy per particle and volume fraction, V /V0, as a function
of temperature. �V0 is the volume of the system at 100 K�. The vertical
dashed line represents the calculated melting temperature of 3070 K.

FIG. 3. �Color� Elastic constants as a function of density. Solid symbols are
MD results, whereas open symbols are experimental values. �0 is the initial
density 3.263 g/cc.
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symbols are experimental values. It is notable that the MD
results do not display any change in C44 as a function of
density.

For a material with hexagonal symmetry, the elastic
moduli, such as bulk modulus B, shear modulus G, Young
modulus Y, and Poisson ratio �, are crystallographic direc-
tion dependent, and are given by61,62

B = �C11C33 + C12C33 − 2C13
2 �/�2C33 + C11 − 4C13� ,

Y� = 2
C33

�
+

1

C11 − C12
�−1

, Y � = �/�C11 + C12� ,

where �=C33�C11+C12�−2C13
2 and

v� = C13/�C11 + C12� ,

v� = �C12C33 − C13
2 �/�C11C33 − C13

2 � ,

where the parallel and perpendicular symbols are for the di-
rections out of and in the basal plane, respectively. The av-
erage elastic moduli of a hexagonal crystal is given by

�B� =
2

9
�C11 + C12 + 2C13 + C33/2� ,

�Y� = �2Y� + Y ��/3.

MD results for these quantities are summarized in Table III.
Densification influences the mechanical properties of

material. Figure 4 shows an MD prediction of elastic moduli
as a function of density.

D. Vibrational density of states of AlN

From the Fourier transform of the velocity-velocity au-
tocorrelation function, we obtain the partial vibrational den-
sity of states,

G���� =
6N�

�
�

0

�

Z��t�cos��t�dt , �7�

where N� is the number of atoms of species � �=Al or N�,

Z��t� =
�v� i�t� · v� i�0��i��

�v� i�0� · v� i�0��i��

�8�

is the velocity-velocity autocorrelation function, v� i�t� is the
velocity of the ith atom at time t, and the brackets denote
averages over ensembles and atoms of species �, and the
total density of states G��� is defined as

G��� = �
�

G���� . �9�

Figure 5 shows the calculated vibrational density of
states along with experimental phonon densities of states re-
ported by Nipko and Loong6,8 using neutron time of flight
measurement and by Schwoerer-Böhning et al.8 using inelas-
tic x-ray scattering.

From partial density of states �Fig. 6� we can identify
that the main contribution to the low frequency spectra

TABLE III. Average values for elastic moduli calculated from MD at �
=3.263 g /cc.

�B�
�GPa�

�Y�
�GPa� v� v�

Expt. 210a 310b 0.216a 0.287a

MD 217 334 0.184 0.287

ahttp://www.ioffe.ru/SVA/NSM/Semicond/AlN.
bhttp://www.anceram.de.

FIG. 4. �Color� Young modulus and bulk modulus calculated for crystalline
AlN phase as a function of density. Due to crystallographic dependence, the
average Young modulus is also displayed.

FIG. 5. �Color� Vibrational density of states. MD results are compared with
experimental data from inelastic x-ray scattering and time of flight neutron
spectroscopy.

FIG. 6. �Color� Partial vibrational density of states calculated by Eq. �7� are
compared with experimental data by Nipko and Loog �Refs. 6 and 8� using
neutron time of flight spectroscopy.
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comes from Al vibrations, in particular the 30 and 60 meV
are the most intense peaks coming from Al. The optical
modes are due to both vibrations.

E. Specific heat of crystalline AlN

The lattice heat capacity at constant volume is calculated
from the vibrational density of states as a function of tem-
perature. Figure 7 shows the calculated CV /NkB along ex-
perimental values of CP reported by Koshchenko et al.1 The
agreement is good over the entire range of temperature. At
low temperatures, the Debye temperature, 
D, can be ob-
tained through CV= �12 /5��4NkB�T /
D�3, and the result is
revealed in the inset of Fig. 7. Using the experimental spe-
cific heat1 and the same expression, the “experimental” De-
bye temperature is also plotted in the inset. The agreement
between MD and experimental 
D is excellent for all tem-
perature range up to 2000 K.

F. Pressure-induced phase transformation

The common tangent of the energy versus atomic vol-
ume between wurtzite and rock-salt structures shown in Fig.
1 correctly predicts the pressure of transformation. The trans-

formation pressure is also obtained dynamically using MD
simulations by increasing the external pressure at constant
temperature. Starting at zero pressure, the system is first
heated to 3000 K, before melting. Keeping the temperature
constant at this value, two sets of simulations are performed.
First, the pressure is increased in steps of 0.5 GPa, and simu-
lation is run for 1000 time steps at each pressure, until the
final pressure of 60 GPa. In the second set of simulations, the
pressure is decreased using the same schedule. Figure 8
shows the volume versus pressure for AlN for both upstroke
�solid circles� and downstroke �open triangles�. V0 is the ini-
tial volume at zero pressure. The phase transformation starts
at around 27.5 GPa and is completed at 29 GPa. The de-
crease in volume during the transformation �VI−VII� /VI

�where VI and VII are the volume per atom just before and
after the phase transition, respectively� is calculated to be
14%. This is slightly different from the value, 18.6%, re-
ported by Xia et al.3 The difference is related to the different

FIG. 7. �Color� Calculated heat capacity at constant volume, CV and experi-
mental CP as a function of temperature for wurtzite AlN. The inset depicted
the Debye temperature calculated from the low temperature expression CV

= �12 /5��4NkB�T /
D�3.

FIG. 8. �Color� Volume fraction V /V0 as a function of temperature. V0 is the
volume of the system at zero pressure and 100 K. Solid circles are for
hydrostatic compression and open triangles are for decompression. The co-
ordination number at 15 GPa, for compression and decompression in the
inset shows that the phase transformation has occurred.

FIG. 9. �Color� Partial pair distribution function for crystalline and amor-
phous AlN. The amorphous phase has density of 2.966 g/cc.

FIG. 10. �Color� Al–N pair distribution function for amorphous AlN at two
densities.
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conditions: In our simulation, the temperature is fixed at
3000 K, whereas experimentally it was 300 K. This is done
primarily to expedite the transformation within a reasonable
simulation time. The inset in Fig. 8 display the Al–N coor-
dination number. At same pressure and temperature in up-
stroke regime the Al atoms are coordinated by four N atoms,
while in downstroke the coordination is six, characteristic of
the rock-salt structure.

IV. AMORPHOUS ALN

Amorphous AlN is obtained by cooling from the liquid.
Starting from a liquid at 3500 K, the temperature is de-
creased in steps of 100 K, where simulation is run for 3000
time steps at each temperature, in order to obtain an amor-
phous system at 300 K. At this temperature, the system is
thermalized for 20 000 time steps before computing average
quantities. Amorphous systems at two densities are obtained:
one at the crystal density, and the other with 10% smaller
density. As shown in Fig. 2, fast cooling results in an amor-
phous phase with about 10% larger volume.

A. Structural correlations for amorphous AlN

Calculated partial pair distribution functions, g���r�, and
corresponding coordination numbers, C���r�,30 at 300 K for
amorphous AlN, are shown in Fig. 9, along with the crystal-
line results at the same temperature. The elemental tetrahe-
dral unit is preserved in the amorphous state.

At higher density, the amorphous state is more struc-
tured, as shown in Fig. 10. This is reflected in the vibrational
density of states, as discussed in Sec. IV C.

B. Elastic moduli of amorphous AlN

The elastic moduli for amorphous phase are computed
�see Fig. 11� as a function of density assuming that the sys-
tem is isotropic. Young modulus is then given by Y = �C11

−C12��C11+2C12� / �C11+C12�, Poisson ratio by �=C12 / �C11

+C12�, bulk modulus by B=Y / �3�1−2���, and shear modu-
lus by G=Y / �2�1+���. Poisson ratio is practically indepen-
dent of density, varying from 0.274 �density �=3.263 g /cc
of wurtzite crystal� to 0.251 ��=2.966 g /cc�.

C. Dynamical properties of amorphous AlN

The vibrational density of states at 300K for amorphous
AlN is shown in Fig. 12. We observe that the densification of
the amorphous phase mentioned in Sec. IV A results in vi-
brational modes that resemble those of the crystalline mate-
rial.

Figure 13 shows the calculated heat capacity at constant
volume, Cv, for amorphous phase. We see that Cv of amor-
phous phase is slightly larger than the crystalline heat capac-
ity. This is due to the increased number of low-frequency
vibrational modes, as is shown in Fig. 12. When the density
of the amorphous phase is the same as the crystal density, the
heat capacity is essentially the same as the crystalline phase.

V. CONCLUSIONS

We have developed an effective interatomic potential for
AlN consisting of two-body and three-body terms for MD
simulations. The proposed interaction potential correctly de-
scribes cohesive energy, bulk modulus, elastic constants, and
melting temperature of wurtzite crystal. The MD vibrational
density of states also compares favorably with the neutron
experiments. The specific heat also compares well with the
experiments. The interaction potential has been used for MD
simulation study of pressure-induced structural phase trans-
formation. Predictions are made for the elastic constants for
crystalline and amorphous states at different densities and
amorphous phase at different densities.

FIG. 11. �Color� Elastic moduli of amorphous AlN as a function of density.
�0 is the density of the crystalline phase ��0=3.262 g /cc�.

FIG. 12. �Color� Calculated vibrational density of states for amorphous
a-AlN at T=300 K. �0 is the density of the crystalline phase ��0

=3.262 g /cc� and �1=2.966 g /cc. The result for the crystalline is also
shown for comparison.

FIG. 13. �Color� Constant volume heat capacity calculated from MD vibra-
tional density of states for amorphous AlN. Result for wurtzite AlN at 3.263
g/cc is also shown.
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